Arsenic contamination of groundwater sources is a major issue worldwide, since exposure to high levels of arsenic has been linked to a variety of health problems. Effective methods of detection are thus greatly needed as preventive measures. In an effort to develop a fungal biosensor for arsenic, we first identified seven putative arsenic metabolism and transport genes in Aspergillus niger, a widely used industrial organism that is generally regarded as safe (GRAS). Among the genes tested for RNA expression in response to arsenate, acrA, encoding a putative plasma membrane arsenite efflux pump, displayed an over 200-fold increase in gene expression in response to arsenate. We characterized the function of this A. niger protein in arsenic efflux by gene knockout and confirmed that AcrA was located at the cell membrane using an enhanced green fluorescent protein (eGFP) fusion construct. Based on our observations, we developed a putative biosensor strain containing a construct of the native promoter of acrA fused with egfp. We analyzed the fluorescence of this biosensor strain in the presence of arsenic using confocal microscopy and spectrofluorimetry. The biosensor strain reliably detected both arsenite and arsenate in the range of 1.8 to 180 g/liter, which encompasses the threshold concentrations for drinking water set by the World Health Organization (10 and 50 g/liter).
A
rsenic is a ubiquitous toxic metalloid that contaminates both groundwater sources (38, 43, 45) and soils (14) worldwide. Strikingly, more than 100 million people in the world are at risk from consuming water contaminated with arsenic (20), and strategies to detect and prevent this global problem are urgently required.
Arsenic has numerous valence states, but its two predominant forms in nature are arsenate(V), present in more oxidized conditions, and arsenite(III), found in reducing environments (40, 44, 46) . Arsenate mimics phosphate and inhibits the production of ATP (25) . Moreover, arsenite binds to cellular enzymes containing ϪSH groups and thus disrupts their function (25) . The longterm exposure to unsafe levels of arsenic leads to arsenicosis, which is characterized by skin lesions, such as melanosis, leukomelanosis, and hyperkeratosis, and ultimately death (32, 60) . Arsenic was also one of the first elements to be recognized as a carcinogen (40, 52) , and chronic exposure has been associated with bladder, lung, and skin cancer (World Health Organization [WHO] , http://www.who.int/topics/arsenic/en/).
The WHO has proposed guidelines for acceptable concentrations in drinking water. Although these guidelines suggest a maximum exposure concentration of arsenic of 10 g/liter for drinking water, numerous countries continue to use a cutoff of 50 g/ liter (20). In many parts of the world, arsenic concentrations far exceed both of these limits, particularly in West Bengal and Bangladesh (5) . There are currently two widely used methods of arsenic detection in drinking water: laboratory-based analytical methods and field-based testing methods (5) . The laboratory-based analytical methods require highly trained personnel and expensive analytical machinery, such as inductively coupled plasma mass spectroscopy (ICPMS) and atomic absorption spectroscopy. Further, the delay in turnaround time between specimen collection and result availability limits their day-to-day use. Field-based testing methods are largely chemical colorimetric assays, such as the Gutzeit method, which generate toxic arsine gas by reducing arsenic with a strong acid (20) . These tests require the use of hazardous chemicals and can generate toxic by-products. Biosensors and bioreporters are beginning to emerge as safe, alternate methods to detect environmental pollutants such as arsenic (22, 29, 50) . Although several arsenic biosensors have been reported, these traditionally rely on bacterial reporter systems (7) , which have a relatively narrow tolerance to variation in culture systems, transportation, and storage. No commercial biosensors are currently in use in affected countries. One approach to developing a field-usefriendly biosensor is the use of a more robust host strain, such as fungi.
Filamentous fungi are highly adaptable organisms that can grow in extreme environmental conditions, such as in contaminated areas with potentially toxic chemical compounds and elements (10) . This intrinsic resistance, combined with the longterm stability of resting fungal spores, suggests that they may serve as useful organisms for the development of biodetection or bioremediation strategies. Arsenic-hyperresistant filamentous fungi, such as Aspergillus sp. P37, have been isolated from nature, and some biochemical pathways of arsenic detoxification have been characterized in these strains (14-17, 54, 58) . However, the genetics of arsenic metabolism remain unknown in filamentous fungi (14, 59) .
Aspergillus niger is a filamentous fungus commonly associated with wood and is routinely used for the industrial production of enzymes and organic acids (6, 19) . This organism has been observed to survive and propagate under concentrations of arsenic as high as 300 mg/liter (18) . A. niger is efficient in bioleaching of several heavy metals (19) , possibly due to its ability to produce large amounts of oxalic acids in culture. This organism also pro-duces catalase, which allows the fungus to protect itself against environmental stress, including arsenic (11) . The intrinsic arsenic resistance of A. niger coupled with the availability of genomic sequence data led us to select this organism as a model system to examine arsenic resistance and develop an arsenic biosensor system in filamentous fungi.
Although the mechanisms of arsenic detoxification remain unstudied in filamentous fungi, several pathways mediating detoxification of arsenic have been elucidated in the yeast Saccharomyces cerevisiae. One mechanism of resistance is mediated by the products of three contiguous genes, ACR1, ACR2, and ACR3 (9, 15, 37) . ACR1 encodes a transcriptional regulator, ACR2 encodes an arsenate reductase that converts arsenate into arsenite, and ACR3 encodes a plasma membrane arsenite efflux transporter that pumps arsenite out of the cell, allowing resistance (9, 15, 26, 37) . In addition, conjugation of arsenite with glutathione (GSH) to form As(GS) 3 and subsequent transport into vacuoles by Ycf1p for detoxification purposes have been proposed to increase arsenic resistance in S. cerevisiae (14, 26) .
We therefore used bioinformatics to identify putative genes involved in the arsenic homeostasis of A. niger and developed a hypothetical model of A. niger arsenic metabolism and transport based on S. cerevisiae. To begin to validate this model, we characterized the function of one of these genes, acrA, in detail. This gene is the putative orthologue of the S. cerevisiae ACR3 gene, which encodes an arsenite efflux pump (66) . Consistent with its role as an efflux pump, an AcrA-enhanced green fluorescent protein (eGFP) fusion localized to the plasma membrane in A. niger, and disruption of A. niger acrA was associated with increased accumulation of and sensitivity to arsenic species. Moreover, we discovered that the expression of the acrA gene was rapidly and highly induced in the presence of very low concentrations of arsenate. Based on this observation, we tested a strain containing the construct of the native promoter of acrA fused with egfp as a potential biosensor for arsenic and confirmed the ability of this strain to detect levels of arsenic at and below the WHO thresholds for arsenic levels in drinking water in the developed and developing worlds (24) .
MATERIALS AND METHODS
Fungal strain culture conditions. Aspergillus niger strains were propagated on potato dextrose agar plates (PDA; 0.4% potato starch, 2% dextrose, 1.5% agar) and incubated at 37°C. Other media used were yeast peptone dextrose (YPD; 1% yeast extract, 2% peptone, 2% glucose) and Sabouraud (1% enzymatic digest of casein, 2% dextrose). All media were purchased from GIBCO (Invitrogen).
Nucleic and proteic sequence comparison. The A. niger genomic sequences were obtained from the Central Aspergillus Data Repository (CADRE) (www.cadre-genomes.org.uk/Aspergillus_niger/). The putative arsenic homeostasis genes in Aspergillus niger were found by comparing gene and protein sequences with those of S. cerevisiae (12, 35, 39, 49, 61, 62, 66) using nucleotide-BLAST and protein-BLAST from the National Center for Biotechnology Information (http://blast.ncbi.nlm.nih .gov/Blast.cgi).
Identification and phylogenetic analysis of A. niger arsenic transporter. Select arsenic transporter amino acid sequences found in literature (1, 13) and highly homologous sequences to A. niger AcrA identified through BLAST searches (3) were aligned with A. niger AcrA using the ClustalW multiple sequence alignment (MSA) tool (34) . The Gonnet substitution matrix and neighbor-joining clustering model were used in ClustalW MSA, and results were exported and formatted to analyze phylogenetic relationships and build a cladogram using TreeVector (42) . To ensure that only sequences within the functional domain related to arsenic transport were analyzed, each candidate sequence was queried to identify conserved domain regions using the NCBI Conserved Domain Database (CDD) query protocol (36) . The CDD domain cluster, TIGRFAMs, and InterPro matches were further drilled and cross-referenced to assess and verify classification of A. niger AcrA (4, 28) .
Isolation of DNA and RNA. Conidia of A. niger were inoculated into 20 ml of YPD broth and incubated with shaking (200 rpm) at 37°C for 16 to 18 h. Subsequently, mycelia were harvested by filtration through a P5 Whatman paper (GE Healthcare) and then ground to fine powder under liquid nitrogen in order to break the fungal cell wall. Samples were then processed for the extraction of RNA or DNA. DNA extraction was conducted by resuspending the ground hyphae in 500 l of DNA extraction buffer [0.7 M NaCl, 0.1 M Na 2 (SO 3 ), 0.05 M EDTA, 1% SDS, 0.1 M Tris-HCl (pH 7.5)]. Following resuspension, DNA was extracted with phenol-chloroform and precipitated with ethanol. RNA extraction was conducted according to the manufacturer's instructions of the Nucleospin RNA plant minikit (Macherey-Nagel, Germany).
Stimulation and quantification of expression of putative genes involved in arsenic homeostasis. Conidia were inoculated into 20 ml of YPD broth and subsequently incubated (200 rpm, 37°C) for 16 h. The resulting mycelia were then stimulated by incubation in YPD containing different concentrations of arsenate (potassium arsenate, monobasic; KH 2 AsO 4 ; Sigma-Aldrich). RNA was harvested and extracted at different time points of culture and then analyzed using real-time reverse transcription (RT)-PCR. The priming oligonucleotides for the genes of interest were designed using Primer-BLAST from the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/tools/primer -blast/). The primers used for each gene are shown in Table S1 in the supplemental material. The synthesis of cDNA from 1 g of RNA was performed in 20 l using Quantitect reverse transcriptase (Qiagen, Mississauga, Canada) with random primers according to the manufacturer's recommendations. Subsequently, 0.2 l of the synthesized cDNA was analyzed in real-time RT-PCR with SYBR green Quantitect System (Fermentas, Canada), using an ABI 7000 thermocycler (Applied Biosystems, Streetsville, Canada). The fungal gene expression was normalized to Aspergillus niger TEF1 (transcription elongation factor 1) expression, which was used as the endogenous control.
Disruption of the acrA gene. All PCRs were prepared using KAPA HiFi HotStart ReadyMix according to the manufacturer's instructions (KAPA Biosystems; Boston, MA). The Aspergillus fumigatus split marker transformation protocol previously developed in our laboratory for the generation of homologous integrants was adapted for use in A. niger (55) . This technique relies on cotransformation of A. niger protoplasts with DNA fragments, each containing half of the marker (hph encoding hygromycin phosphotransferase) fused to one flanking sequence of the gene to delete. Successful homologous integration of these DNA fragments regenerates the hygromycin marker to permit selection. Fragments were generated using a modified GATEWAY system cloning approach. Briefly, the amplification of the upstream and downstream flanking sequences was performed using the priming oligonucleotides AcrA gates 1 and 2 and 3 and 4, respectively (see Table S1 in the supplemental material). These primers were created using Primer3 (53) . Subsequently, the amplified flanking sequences were cloned into pENTR/D-TOPO vector (Invitrogen, Canada) and transformed into DH5␣ Escherichia coli cells. The plasmids were then isolated from putative transformants and analyzed using restriction enzymes to verify if the fragments were inserted in the correct orientation. The flanking sequence was then transferred from the pENTR/ D-TOPO plasmid to the attR-ccdB-modified pAN7.1, which contains the hph resistance cassette (27) , using LR clonase (Invitrogen, Canada). Consequently, E. coli DH5␣ cells were transformed and selected on ampicillin plates. The insertions in the plasmids containing the correct products allowed amplification by PCR with the long-range PCR enzyme (Fermentas, Canada) of one flanking sequence fused with half of the marker cassette. Aspergillus niger protoplasts were then produced from young hy-phae after digesting the cell wall for 3 h at 30°C (60 rpm) with protoplasting solution containing Driselase from Basidiomycetes sp. and lysing enzymes from Trichoderma harzianum (Sigma-Aldrich, Canada). Subsequently, these protoplasts were cotransformed with 5 g of each DNA fragment (63) . Transformants were selected on PDA plates with 250 g/ml of hygromycin. The deletion of the acrA open reading frame (ORF) was confirmed by long-range PCR with primers AcrA gate 1, AcrA gate 4, AcrA-RT sense, and AcrA-RT antisense, as well as by real-time RT-PCR using primers AcrA-RT sense and AcrA-RT antisense (see Table S1 ). The isolation of a pure clone was done by single-spore purification.
Construction of the acrA-complemented strain. To verify that any phenotypes observed in the acrA-null mutant strain were due to specific deletion of acrA, we complemented the acrA-null mutant with a wild-type allele of acrA. We used the same GATEWAY cloning technique as the one used for the gene deletion in order to replace the hph cassette by the acrA ORF fused to the ble cassette (coding for resistance to phleomycin). Variations were as follows. Priming oligonucleotides AcrA gates 1 and 5 were used to amplify the upstream flanking sequence and the ORF, while the downstream flanking sequence was amplified by AcrA gate 3 and gate 4 (see Table S1 in the supplemental material). Cloned sequences were transferred from pENTR/D-TOPO to a modified p402 vector, which contains the ble resistance cassette (27) . Transformants were selected on PDA plates with 150 g/ml of phleomycin. The reinsertion of the acrA gene was confirmed by long-range PCR and real-time RT-PCR.
Construction of the AcrA-GFP overexpression strain. The GFP-encoding gene (egfp) was amplified by PCR using the primers GFP-F and GFP-R (see Table S1 in the supplemental material) and using the plasmid p123 (57) as a template. After PCR amplification, the PCR product was cloned into the plasmid pEYFPC (31) using NcoI and NotI. The resulting plasmid was designated pGFP and contains egfp under the expression of the A. nidulans gpdA promoter. Afterwards, the 1,278-bp AcrA-encoding gene (acrA) was amplified by PCR using the primers acrA-F and acrA-R (see Table S1 ). The PCR product was cloned into pGFP using EcoRV and NotI. The resulting plasmid contains acrA tagged with egfp at the N terminus and under the expression of the A. nidulans gpdA promoter. Finally, the 1,423-bp phleomycin cassette, which contains the A. nidulans gpdA promoter, phleomycin resistance gene (ble), and the cyc1 terminator, was amplified by PCR using the primers Phleo-EcoRI and Phleo-SacI (see Table S1 ) and p402 as a template and cloned into the acrA-egfp overexpression plasmid using EcoRI and SacI. The resulting plasmid was designated pAcrA-GFP. This plasmid was then used for the transformation of the wild-type A. niger strain.
GFP localization of AcrA. The strain containing the AcrA-eGFP fusion construct was examined under confocal microscopy to identify the subcellular localization and trafficking of AcrA. A total of 10 5 conidia/ml was inoculated in 1 ml of YPD broth and incubated at 37°C (200 rpm). After 6 h of incubation, samples were taken for observation of the germlings under an Olympus Fluoview confocal microscope at 100ϫ oil immersion using a fluorescein isothiocyanate (FITC) filter with excitation at 488 nm and emission at 507 nm.
We also observed protoplasts at 100ϫ oil immersion under confocal microscopy after the cell wall was digested for 3 h at 30°C (60 rpm) with protoplasting solution used in the fungal transformation protocol.
Growth inhibition assay. Arsenic sensitivity of the different strains was determined by growth of conidia in Sabouraud broth supplemented with arsenate in a gradient of increasing concentration (0 to 2,048 mg/liter arsenate). In a 96-well plate containing Sabouraud liquid medium, a total of 2 ϫ 10 5 conidia/ml was incubated in a final volume of 200 l at 37°C. For a total volume of 200 l per well, 100 l of conidia suspended in liquid medium was added to each well containing 100 l of arsenate dilution. After 24 h of incubation, fungal growth was determined by the absorbance taken at 630 nm using a spectrophotometer. The optical density at 630 nm (OD 630 ) in each well was compared to the same strain growth control in the absence of arsenate and expressed as percent normal growth.
Arsenic content.
To determine the intracellular concentration of individual strains, A. niger strains were grown in YPD liquid broth overnight at 37°C (200 rpm) at 5 ϫ 10 5 conidia/ml. The culture medium was removed by filtration through P5 Whatman paper (GE Healthcare). The mycelial biomass was cut into 1-cm 2 squares and weighed. Half of the cut squares were exposed to chloroform vapor for 20 min to kill them. Subsequently, all the squares were inoculated into dishes containing YPD liquid broth with 180 mg/liter of arsenate. The plates were incubated for 24 h at 37°C. The cultures were then harvested, and the mycelia were washed with 5 ml of 0.1 N HCl for 30 min (23, 47) . The mycelia were then dried by vacuum and inactivated in liquid nitrogen. Samples were dried at room temperature and weighed. The dry samples were subsequently digested using 1 ml of trace metal-grade Aqua Regia (3 parts HCl:1 part HNO 3 
Construction of the ⌬acrA::P acrA -GFP strain. The 1-kb upstream sequence of acrA was amplified by PCR with priming oligonucleotides AcrA-Bios sense and AcrA-Bios antisense (see Table S1 in the supplemental material). Using the Infusion HD cloning kit (Clontech, USA), the PCR fragment was cloned into the pGFP plasmid previously digested with AgeI and EcoRV. The resulting plasmid was designated pP acrA -GFP. Subsequently, the acrA deletion strain was transformed ectopically with the pP acrA -GFP plasmid.
Fluorescence detection. Fluorescence was determined by growth of conidia in YPD broth or RPMI 1640 with MOPS (morpholinepropanesulfonic acid; Sigma-Aldrich, Canada), supplemented with arsenate in a gradient of increasing concentration (0 to 180 g/liter). Other metals and metalloids, including sodium arsenite, cadmium, antimony(III) chloride, iron(III) phosphate, cobalt(II) sulfate, and copper(II) sulfate, were used to test the specificity of the biosensor (Fisher Scientific, Canada). In a 96-well black plate with a clear bottom (Corning, USA), a total of 2 ϫ 10 5 conidia/ml was incubated in each well at 37°C. At different time points, fungal growth was determined by the absorbance taken at 630 nm, and the GFP signal was measured at excitation of 485 nm and emission of 535 nm using the SpectraMax microplate reader. For visualization, conidia were incubated in YPD broth supplemented with arsenate (0, 18, 90 g/liter) on glass coverslips at 37°C for 24 h. Subsequently, coverslips were placed on microscope slides and pictures were taken using confocal microscopy at ϫ40 magnification using a FITC filter. The ⌬acrA strain was used as a control for autofluorescence. Hyphae of the biosensor strain and the ⌬acrA strain were also pregrown for 24 h at 37°C in a 96-well black plate with a clear bottom and then exposed to a gradient of increasing concentrations of arsenate (0 to 180 g/liter). At the indicated time points, GFP signal was measured using a SpectraMax microplate reader as described above.
RESULTS
Putative arsenic transport and metabolism genes are present in A. niger. Using the recently completed whole-genome sequence of A. niger, we performed a homology sequence alignment of putative arsenic transport and metabolism genes in A. niger by comparing these sequences with elements of known arsenic resistance pathways in well-characterized organisms, including E. coli and S. cerevisiae, using BLAST. Using this approach, we identified seven candidate A. niger genes predicted to encode proteins involved in mediating arsenic metabolism and transport (Table 1) .
Expression levels of the putative arsenic transport and metabolism genes are affected by arsenate exposure. To examine the roles of these candidate genes in arsenic homeostasis, we determined the effects of arsenate on the expression levels of a subset of these genes in wild-type Aspergillus niger as measured by realtime RT-PCR (Table 1 ). Exposure to high levels of arsenate (180 mg/liter) for 1 h stimulated a significant increase in the expression of several of these genes, in particular gene locus ANI_1_1278164, identified in our search as an orthologue of the S. cerevisiae transporter ACR3 (Fig. 1A) . Exposure of hyphae of A. niger to this level of arsenate for 24 h resulted in an over 200-fold increase in the mRNA levels of the ANI_1_1278164 gene locus. Although other putative resistance genes also showed increased expression in the presence of arsenate, the fold increase was highest for this gene. Similar levels of ANI_1_1278164 expression were also seen in response to markedly lower concentrations of arsenate (180 g/ liter; Fig. 1B ), suggesting that expression of this gene is highly sensitive to arsenate exposure.
The A. niger gene locus ANI_1_1278164 encodes a putative arsenic transporter of the Acr3 family of arsenite transporter proteins. The A. niger gene locus ANI_1_1278164 has been annotated as arsB in the National Center for Biotechnology Information (NCBI) database; however, it was identified in our search as bearing significant homology with the S. cerevisiae arsenite transporter gene ACR3. In order to classify the A. niger arsenic transporter and determine its relationship with other known arsenic transporters, a phylogenetic tree was built (see Fig. S1 in the supplemental material), and conserved domain sequences were examined. This analysis indicates that the putative A. niger arsenic transporter encoded by locus ANI_1_1278164 is a member of the Acr3 subfamily (TIGR00832 and COG0798). We therefore designated this gene as acrA, in accordance with Aspergillus gene nomenclature.
Disruption of acrA induces hypersensitivity to arsenic. In light of the strong upregulation of acrA in response to arsenate, we focused our initial studies on this gene. To determine the role of acrA in mediating arsenic resistance, we constructed a ⌬acrA mutant strain in which the entire coding region of the acrA gene was replaced with the drug resistance marker hygromycin phosphotransferase. To confirm the specificity of this mutation, we complemented this mutant strain with a wild-type allele of acrA at the original locus and confirmed that complementation restored acrA expression (Fig. 2) . To determine the consequences of acrA deletion on arsenic sensitivity, we performed a microtiter MIC assay to compare the sensitivity of the wild-type, ⌬acrA, and acrA complemented strains to arsenate. Growth of the ⌬acrA mutant strain was markedly inhibited by arsenate concentrations as low as 0.5 mg/liter (Fig. 3) . In contrast, the wild-type strain produced significant growth at concentrations as high as 64 mg/liter. Complementation of the ⌬acrA mutant strain with a wild-type allele of acrA restored arsenic resistance to wild-type levels, confirming that this phenotype was due to the absence of acrA and not an undetected secondary mutation. Collectively, these data strongly suggest that the disruption of acrA results in hypersensitivity to arsenic and that the AcrA protein is important in arsenic detoxification of Aspergillus niger. AcrA is localized to the fungal plasma membrane. The acrA gene was identified and annotated based on homology to the S. cerevisiae arsenite efflux transporter ACR3. If the A. niger AcrA also functions as an efflux pump, it would be predicted to be located at the plasma membrane. To test this hypothesis, we constructed an acrA-egfp fusion cassette and expressed this construct in wild-type A. niger. Confocal microscopy demonstrated peripheral fungal cell fluorescence, consistent with localization of the AcrA-eGFP fusion protein to the fungal plasma membrane (Fig.  4A ). In addition, accumulation of GFP within intracellular vacuoles was observed, likely due to accumulation of degraded fusion protein within the vacuole (41) . To confirm that the peripheral fluorescence was localized to the plasma membrane and not the cell wall of A. niger, protoplasts in which the fungal cell wall had been removed by enzymatic digestion were examined. Removal of the fungal cell wall had no effect on the fluorescence of cells, confirming that AcrA-eGFP localized to the plasma membrane and not the cell wall of A. niger (Fig. 4B) . Collectively, these findings are consistent with a role for AcrA as a plasma membrane efflux transporter.
AcrA plays a role in arsenic transport in Aspergillus niger. The results of our MIC and localization studies supported the hypothesis that AcrA functions as an arsenite efflux transporter. To test this hypothesis specifically, we compared the accumulation of total arsenic species within mycelia of the wild-type and ⌬acrA mutant strain using a Perkin Elmer AAnalyst800 atomic absorption spectrometer with a graphite furnace (Fig. 5) . To ensure that only intracellular and not adsorbed arsenic species were measured, the fungal biomass was washed with HCl before the cellular arsenic levels were measured (23) . Very low levels of arsenic (0.6 to 0.9 g per gram [dry weight]) were found in dead hyphae of both the wild-type and ⌬acrA mutant strains incubated with 180 mg/liter of arsenate, and there was no significant difference between the strains (data not shown). In contrast, live hyphae incubated under these conditions contained significant levels of arsenic, with a significantly higher level of arsenic detected in the ⌬acrA mutant compared with wild-type A. niger (Fig. 5 ). These were grown in YPD liquid broth overnight. The mycelial biomass was then cut into 1-cm 2 squares, inoculated in YPD liquid broth with 180 mg/liter of arsenate, and incubated for 24 h. The cultures were then harvested, and the mycelia were washed with 0.1 N HCl to remove adsorbed arsenate. The mycelial biomass samples were dried and digested, and the quantification of total arsenic species was determined by Perkin Elmer AAnalyst800 atomic absorption spectrometer with graphite furnace. Graphs indicate means Ϯ standard errors. Data comprise three independent experiments, each performed in duplicate. P Ͻ 0.05, by factor analysis of variance (ANOVA). results are consistent with the hypothesis that AcrA functions in the efflux of arsenic in A. niger.
Use of a ⌬acrA::P acrA -GFP strain as a potential biosensor of arsenic. The dramatic upregulation of acrA expression in response to low levels of arsenate suggested that this gene might be useful as a potential biosensor for arsenic. To test this hypothesis, we created a fusion construct in which egfp was fused to the acrA promoter. This plasmid was then expressed in the ⌬acrA strain. Through confocal microscopy, we observed that the strain fluoresced even at concentrations of arsenate as low as 18 g/liter (Fig.  6) . To determine the sensitivity and kinetics of the biosensor strain in response to arsenate, we tested the ability of conidia of the biosensor strain to germinate and fluoresce in the presence of arsenate. Exposure of conidia of this strain to a gradient of arsenate produced a dose-dependent fluorescence that was detectable as early as 12 h after incubation and increased dramatically by 48 h of arsenate exposure (Fig. 7) . At this time point, reproducible dose-dependent fluorescence was observed throughout the range of the maximum safe limit of arsenic detection (10 to 50 g/liter) suggested by the World Health Organization (48, 56) . In parallel, we also tested the effects of exposing pregrown hyphae of the biosensor strain to the same range of arsenate concentrations. Although greater overall fluorescence was seen with pregrown hyphae, the background autofluorescence of hyphae alone increased to the same degree, and no significant difference in the fluorescent signal was found compared with exposure of conidia (data not shown). In addition, we tested the specificity of the biosensor strain for arsenate by testing several other metals and metalloids, including arsenite, antimony(III), copper(II), cobalt(II), iron(III), and cadmium (Fig. 8) . Interestingly, the biosensor strain was specific to both arsenate and arsenite species and did not produce significant fluorescence with any other metals tested. Collectively, these data suggest that a biosensor strategy based on the A. niger acrA promoter sequence may be a useful approach for the detection of low-level arsenic contamination of water, although further studies to examine the reproducibility and specificity of this biosensor in field specimens should be performed.
DISCUSSION
Homology searches based on known bacterial and fungal arsenic resistance pathways identified seven putative arsenic metabolism and transport genes in Aspergillus niger (Table 1) . Interestingly, although an A. niger orthologue of S. cerevisiae ACR3 was found, it was not located in a gene cluster as is the case in S. cerevisiae. Indeed, no orthologue for the S. cerevisiae ACR1 regulatory gene could be found in A. niger, and an orthologue of ACR2 encoding a putative arsenate reductase was found clustered with genes encoding a putative arsenic methyltransferase and putative arsenic resistance protein gene, arsH. Interestingly, the arsH gene is not found in S. cerevisiae, although it is found in different bacterial species, most notably in Shigella flexneri (65) . This cluster found in A. niger contrasts with Aspergillus fumigatus, in which the putative
FIG 6
Fluorescence of the biosensor strain in response to arsenate. Conidia of the ⌬acrA and ⌬acrA::P acrA -GFP strains were incubated in YPD broth with arsenate at the indicated concentrations on glass coverslips at 37°C. After 24 h of incubation, confocal images of fungi on coverslips were obtained using confocal microscopy. The ⌬acrA strain was used as a control for autofluorescence.
arsenate reductase, arsenite efflux transporter, and arsenic methyltransferase genes are found together in a duplicated cluster on chromosomes 1 and 5, highlighting the genomic diversity of this genus.
By extrapolating the function of the products of these A. niger genes from the role of their orthologues in yeast arsenic metabolism and transport, we propose a hypothetical model of arsenic homeostasis in A. niger (8) . In this predicted model based on homology of A. niger genes with their yeast orthologues, arsenic from the environment is transported into the cell either as arsenite through GlpF or as arsenate through Pho87. Intracellular arsenate is reduced to arsenite by Arc2 and then detoxified by one of the three methods: glutathionation by GstA and sequestration into vacuoles by an ABC metal ion transporter, biovolatilisation via methylation by Cyt19, or direct export from the cell by the AcrA efflux transporter. To begin to test this model, we selected acrA, the A. niger homologue of S. cerevisiae ACR3, for further study (9) .
In S. cerevisiae, the ACR3 gene encodes an arsenite transporter whose expression is strongly induced by the presence of arsenite and arsenate (51) . Multiple lines of evidence suggest that this function is preserved in A. niger: acrA mRNA expression was markedly upregulated in the presence of arsenate, an AcrA-eGFP fusion construct localized to the fungal plasma membrane, and deletion of acrA resulted in arsenate hypersensitivity and accumulation of intracellular arsenic species. Although the loss of acrA resulted in marked hypersensitivity to arsenate, this phenotype was associated with only a modest increase in intracellular arsenic levels. These data suggest a low tolerance for increased intracellular arsenic levels in the A. niger ⌬acrA strain, beyond which the toxicity of arsenic causes cell death and therefore prevents further cellular accumulation of arsenic. Collectively, these data provide support to our model in which AcrA-mediated efflux plays a key role in arsenic homeostasis in A. niger, although experimental confirmation of the other elements of this system is still required. Further, as our approach was based on the detection of known pathways of arsenic homeostasis in other organisms, it is possible that other mechanisms of arsenic detoxification, unique to filamentous fungi, contribute to arsenic resistance in this strain.
The marked upregulation of acrA expression in the face of low concentrations of arsenate suggests that the acrA promoter is quite sensitive to arsenic (Fig. 1B) . Based on this observation, we performed proof-of-principle studies to determine if an A. niger acrA promoter fusion could function as a biosensor for arsenic. Using an egfp fusion construct, we developed a strain that produced dose-dependent fluorescence in response to arsenic concentrations in the range of the recommended WHO limit of 10 to 50 g/liter of arsenic for drinking water (Fig. 7) and did not react to a range of other metals and metalloids (Fig. 8) . This approach therefore holds promise for use in testing water samples from regions, such as Bangladesh, where 43% of more than 50,000 hand tube well water samples analyzed were found to have arsenic concentrations above 10 g/liter and 27% had arsenic concentrations above 50 g/liter (48) .
Currently, numerous arsenic detection methods exist for the detection of arsenic contamination in drinking water. The laboratory-based analytical methods are extremely quantitative and accurate but require extensive training and are costly. In addition, transport times limit their use in field situations (20). Other field use strategies are therefore preferable for the testing of arseniccontaminated water samples from countries like Bangladesh and India (5). The field-based methods in current use are cost-effective but produce toxic by-products and use dangerous reagents like mercury (5, 21) and hydrochloric acid, which are not ideal to transport and handle in the field (5) . Most whole-cell biosensors reported to date are based on bacterial systems (7, 22, 29) . The ⌬acrA::P acrA -GFP biosensor strain is the first fungal biosensor for arsenic detection. There are numerous advantages of using fungi as whole-cell biosensors (7) . Bacterial cells have short shelf and application lives since they are relatively fragile under arsenic exposure. They are also limited in terms of tolerance to different pH, temperature, and osmotic environments (7) . On the other hand, fungi are more tolerant to and robust in diverse environmental conditions, a significant advantage for a biosensor-based assay for use in the field. Further, fungal spores are extremely robust and can be stored in desiccated form for years without loss of viability. Moreover, A. niger is a nonpathogenic strain widely used in industrial applications, is considered a "generally regarded as safe" organism, and can be further modified to produce auxotrophic strains that are nonviable outside the laboratory.
The choice of a target gene for construction of a biosensor is critical, as the degree of target upregulation governs the reporter output, and specificity of the target gene for arsenic exposure will determine the specificity of the assay. The majority of arsenicresponsive biosensor bacterial strains use reporter constructs based on the transcriptional repressor arsR (22, 64) . Cross-reactions with antimony and other metalloids have been described using this gene (50) . Our choice of the acrA system for the reporter fusion was highly specific for arsenite and arsenate and did not cross-react with antimony or other metalloids. Further, the very high levels of upregulation of acrA expression seen in response to arsenic exposure translated to a highly sensitive arsenic detection assay in vitro.
Despite these advantages, the A. niger biosensor strain has several limitations. First, in this proof-of-principle study, we used eGFP and fluorimetry as a detection system. For use in the field, a colorimetric detector such as glucuronide or X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) (2, 20, 30, 33) would be preferable, as this system would obviate detection equipment and allow for a point-of-use testing. Second, signal detection using fluorescence required a minimum of 12 h of incubation, and this might be prolonged further using a colorimetric detector. Finally, before actual field testing, a thorough investigation of the effects of other parameters will be required, including specificity of the biosensor for arsenic in field water samples and the effects of growth media, storage conditions, and incubation temperatures. Although these experiments are beyond the scope of the current study, this proof-of-principle study suggests the possibility that an A. niger acrA reporter-based bioassay could provide the basis for a simple and economical test kit for measuring and monitoring arsenic levels in contaminated groundwater of developing nations.
